Changes in indices of extremes between the presentday climate and a future warmer climate are projected over Japan using a global 20-km-mesh atmospheric model. Comparisons with observed data show that the indices on temperature extremes are represented well in the model, while less intense precipitation biases are found. In the future climate simulation around 2090, the number of frost days decreases by 20 45 days with larger decrease along the Sea of Japan than the other area. Growing season length increases about a month. Changes in the temperature extremes are not uniform over Japan, showing usefulness of projections using a high-resolution model. Although changes in precipitation extremes are small and not significant over a large part of Japan, statistically significant increase in indices of heavy precipitation is found in western part of Japan and Hokkaido.
Introduction
To evaluate the possible impacts of global warming upon the meteorological phenomena of small scales in time and space is important not only from the scientific but also from the socio-economic viewpoints. While possible changes in extreme events induced by global warming have been described in a report by the Intergovernmental Panel on Climate Change (IPCC 2001) , the description remained qualitative, partly due to the limited resolution of the existing climate models. Even the directions of the projected changes were almost uncertain for some kinds of extreme events.
We have performed climate simulations for the present-day climate and a future climate using a 20-kmmesh global atmospheric general circulation model. To evaluate changes in extreme events, we use ten extremes indices for surface air temperature and precipitation proposed by Frich et al. (2002) and recommended for IPCC model standard output (http://wwwpcmdi.llnl.gov/ipcc/standard_output.html). In this study, the representation of the indices over Japan in the present-day climate simulation is verified using a dataset from very densely distributed observational systems, and changes in the indices simulated in the model are examined focusing on Japan. It is known that the regional climate around Japan is affected by tropical cyclones and Baiu frontal rainfalls in the Asian summer monsoon. These phenomena have not been simulated well by conventional climate models with a few hundreds of kilometer grid size on which regional models are nested. Here, we examine the present and the future regional climates by using a high-resolution global model capable of representing such phenomena.
Model and methods
The model used in this study is a prototype of the next generation global atmospheric model of the Japan Meteorological Agency. The simulations were performed at a resolution of TL959, which corresponds to a horizontal grid size of about 20 km. The model uses 60 levels in the vertical with the model top at 0.1 hPa. A detailed description of the model is given in Mizuta et al. (2005) .
We have performed two "time-slice" 10-year simulations: 1) a present-day climate simulation using the observed climatological sea surface temperature (SST) as a boundary condition, and 2) a global warming simulation forced by the climatological SST plus anomalies. The SST anomalies are the difference between the average from 1979 to 1998 in the 20th Century climate simulation and that from 2080 to 2099 in the SRES A1B scenario simulation using the MRI-CGCM2.3 . The concentrations of CO2 are set to be constant at 348 ppmv for the present-day climate and 659 ppmv for the future climate. The change in the global-mean surface air temperature between the two simulations is 2.5 K. It has been verified that the model can consistently simulate from a global-scale long-term mean climate to small-scale phenomena, such as tropical cyclones and Baiu fronts Oouchi et al. 2005) .
The temperature data of the present-day climate simulation is compared with the data obtained by the Automated Meteorological Data Acquisition System (AMeDAS) from 1981 to 2000. The AMeDAS is an automatic meteorological observing system set up throughout Japan. Temperature data observed at 850 points are used in this study. The precipitation data are compared with the radar-AMeDAS precipitation analysis from 1991 to 2000. Precipitation is estimated from observations of radars calibrated using the AMeDAS. Precipitation is observed by the system at about 1300 points, which are distributed with an average interval of 17 km. The calibration algorithm is described in Makihara (1996) .
We use extremes indices proposed by Frich et al. (2002) . The definitions of the indices are listed in the Supplement 1. All the indices are calculated for each year, and the average over the whole period is used. As the base period for calculating the long-term averages or percentiles, we use here the whole period of the simulation or the data, while Frich et al. (2002 Frich et al. ( ) used 1961 Frich et al. ( 1990 3. Simulating present-day climate
Temperature extremes
Figures 1 (a e) show the temperature-based extremes indices calculated using AMeDAS data, and Figs. 1 (f j) show those calculated using the present-day climate simulation.
It is natural to expect that the annual mean surface air temperature (Tav) near the sea would be well simulated in the model because the observed SST is given as a boundary condition. The agreement is seen also over the inland area. Since the higher-wavenumber components of the topography are removed in the model, the altitude defined for each grid cell is lower than that in the real world in mountainous area, whereas the observational points are usually located on the troughs 153
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Projected by a Global 20-km-mesh Atmospheric Model rather than crests. Therefore, the difference among the altitudes of the observational points and those of the corresponding model grids are not so large. The total number of observed annual frost days (Fd) is more than 150 days in Hokkaido and 40 150 days in the other regions, except that there are fewer than 5 days on the southern coastline. This feature is represented well in the model. The difference between annual maximum and minimum temperature (ETR) is about 10 K less than the observation in the interior of Hokkaido, as extremely cold minimum temperatures in winter are not likely to be represented well in the model. The length of the growing season (GSL), defined as the period between when daily mean temperature (Tday) over 5°C for longer than 5 days and when Tday under 5°C
for longer than 5 days, is simulated slightly shorter in the model than observed in the middle of Honshu. The bias of GSL averaged over Japan is about 15 days. The heat wave duration index (HWDI), which indicates maximum consecutive days with maximum temperature (Tmax) over 5 K higher than the long-term climatology of Tmax, is zero over most of Japan in the model, while it is about 0.7 days in the observation averaged over all the points. This means that continuous extreme temperature events are less likely to occur than in the observation. One reason is that the SSTs are prescribed at climatological values without inter-annual variation in the model. Figures 2 (a c) show the precipitation-based extremes indices calculated using the radar-AMeDAS data, (2002), we show only notable ones here and the other indices are shown in the Supplement 2. The annual mean precipitation (Pav) is underestimated in Kyushu and along the southern coast of Japan. This is due to the lack of precipitation in summer, when a large amount of precipitation is observed in the area. In winter, a large amount of snowfall is observed along the Sea of Japan due to steady winter monsoon northwesterlies blocked by the topography of the Japan Islands. The geographical distribution of precipitation around there is well simulated in the model, although the amount is underestimated as well.
Precipitation extremes
The number of days with precipitation over 10mm (R10) in the model agrees well with the observation. On the other hand, simple daily intensity (SDII) defined as the total precipitation divided by number of wet days are underestimated by about 30%, while geographical characteristics are represented qualitatively. This is associated with a bias of the model that extremely heavy rains are not represented well and weak precipitations are more frequent than the observation. Underestimations of the other three indices in the Supplement 2 are consistent with the bias.
Changes due to global warming
In this section, we discuss changes in the indices described in the previous section. The statistical significance of the change is calculated using the Student's ttest. Note that, since the SSTs with no inter-annual variation are used, the t-test is based on the model climate which has less inter-annual variability.
Temperature extremes
Figures 1 (k p) show the changes in the temperaturebased indices from the present-day simulation to the future climate simulation. The difference in the annualmean SST between the two experiments is 2 2.4 K around Japan, except for about 3 K in the Sea of Okhotsk. In accordance with the SST change, Tav increases by about 2.5 K over the Japan Islands. Larger changes in Tav are seen in Hokkaido and in the interior of northern Honshu. The increase in Tav is smaller over the plain around Tokyo than that in the other region. According to seasonal-mean values (not shown), the feature is attributable to the warming in winter. Generally, warming is larger when it is accompanied by a decrease in snow cover. Because of little snow cover in the vicinity of Tokyo, therefore, the change in Tav is smaller than that over the surrounding mountainous area. Note that the present model does not include the effects of urbanization.
Fd decreases by 20 45 days except on the southern coastline. The decrease is larger inside Honshu, and a decrease over 40 days is seen along the Japan Sea in northern Honshu. A global analysis shows that the increase of winter temperature is larger over the Eurasian continent as suggested in Fig. 1 (k) , and meridional components of the winter monsoon northwesterlies are weakened. This can contribute to the decrease in Fd along the Japan Sea. Over the Eurasian continent of the figure, the decrease is not large, because changes of minimum temperature (Tmin) around 0°C affect the decrease in Fd and Tmin is much lower than 0°C in winter over the area.
ETR decreases in most regions over Japan. The decrease is seen in a large part of the extratropics in the northern hemisphere, and is consistent with the observed decreasing trend (e.g., Frich et al. 2002) . The decrease is larger in Hokkaido. This is associated with the weakened intra-seasonal variation of minimum temperature in winter. On the other hand, the decrease of ETR is not significant along the coastline. In the future climate simulation, the SST difference between summer maximum and winter minimum is prescribed to increase around Japan. Therefore, ETR increases over the ocean near the Japan Islands (not shown), and the change in ETR is small near the coastline.
GSL increases by 20 40 days in almost all areas, and dependence on geographical characteristics is small over Japan. The index can be defined for all the years only in a limited area, because daily-mean temperature is always higher than 5°C in the lower latitudes.
The increase in HWDI in Japan is about 10 15 days. The absolute values and changes are both much smaller than those over the Eurasian continent. This characteristic is common to most islands in the world. Continuous high temperature events are infrequent over islands since the surface temperature is much affected by the SST surrounding them. The coastal areas of the Eurasian continent show larger increase under the influence of a very large increase in HWDI over the inland area of the continent.
The percentage of days in which the minimum temperature exceeds those of the long-term 90th percentile (Tn90), which is always 10% everywhere in the presentday climate, increases more in the lower latitudes. This is consistent with the global distribution of the change. In the lower latitudes, since the intra-seasonal variability of minimum temperatures is smaller, the value of the 90th percentile is closer to the average. Therefore, even if the change in average minimum temperature is the same, Tn90 increases more in the lower latitudes. For the same reason, if the inter-annual variations of the SSTs are included, it is expected that the increase of Tn90 would be less due to larger variability of Tmin. Note that a box-wise pattern seen in Fig. 1 (p) is the effect of the 1-degree-mesh vegetation type map used as a boundary condition.
Precipitation extremes
Figures 2 (g i) show the changes in the precipitationbased indices from the present-day simulation to the future climate simulation. The areas in which the difference is not significant at 95% level by the Student's ttest are shown in light colors. Statistically significant increases of Pav are found in Kyushu along the East China Sea, near the Seto Inland Sea, and in part of Hokkaido. Increases of R10 and SDII are also seen in the almost same regions. While apparent seasonality is not found in Hokkaido, large changes in the indices are seen in the western part of Japan in July. The latter changes are related with the change in the Baiu frontal rainfall. Yoshizaki et al. (2005) showed that the number of the rainfall systems which develop rapidly to bring heavy precipitation increases in July in a warmer climate.
However, as a whole, the differences of the indices including Pav are small between the two experiments and not significant over a large part of Japan, while statistically significant changes in Pav, R10, and SDII are widely seen over inland areas of the continents. This suggests we need simulations longer than 10 years to warrant a comparison of the two results around Japan.
Concluding remarks
Changes in the extremes indices recommended for the upcoming IPCC report are examined over Japan using a global 20-km-mesh atmospheric model. The temperature-based extremes indices are represented well in the model. Corresponding to an increase in Tav, decreases in Fd and ETR, and increases in GSL, HWDI, and Tn90 are seen over Japan. Increases of the precipitationbased indices, R10 and SDII, as well as Pav, are found in western Japan and Hokkaido. However, the changes in precipitation-based indices are generally small and not significant over a large part of Japan. The present analysis has revealed that the model has a room for improvement in representing extremes in precipitation which have fine spatial and temporal scales. For the improvements, a more realistic representation of presentday mean precipitation in such a fine scale is required.
The high-resolution global model has a potential advantage over regional climate models (RCMs) of the same resolution in that the global model can resolve such phenomena as tropical cyclones and a detailed structure of the Baiu front. Meanwhile, RCMs may also possibly obtain more realistic representations since they can optimize the physical parameterizations so as to well reproduce the regional climate around the specific region. Comparisons of extreme indices between our model and RCMs under the same experimental conditions are left for a future work.
Usually, global warming projections have been performed using global models with hundreds of kilometers grid size. As we have shown here, geographical distributions affected by small-scale topography as fine as those by RCMs are represented globally by our model. This fact clearly indicates the usefulness of global projections using a 20-km-mesh high-resolution model. Even though there are many reservations that should be remedied in future work, this experiment is the first attempt to use a global model for the projection of extreme events due to global warming with a resolution as high as that attained only by conventional regional models. Global distributions of changes in the temperature-based and precipitation-based extremes indices will be reported in separate publications.
